The microtubule, a component of the eukaryotic cytoskeleton, is involved in the separation of chromatids during mitosis and in the maintenance of cell shape during interkinesis (13) . This fiber is a complex composed of an assembly of heterodimers of ␣-and ␤-tubulins and microtubule-associated proteins (24) . Various microtubule inhibitors have been obtained from microbial sources and chemical libraries. Practical uses for some of these microtubule inhibitors are as follows. Vinca alkaloids such as vinblastine and vincristine, which are anticancer drugs isolated from plants, inhibit microtubule assembly (14, 32) . Paclitaxel (taxol), which is also an anticancer drug isolated from a plant, binds to the N-terminal region of ␤-tubulin and promotes the formation of highly stable microtubules that resist depolymerization (33) . Ansamitocin P-3 and rhizoxin are macrocyclic antitumor antibiotics, isolated as a cytotoxic metabolite of an actinomycete and as a phytotoxin produced by a plant-pathogenic fungus, respectively (14) . Their binding sites partially overlap the vinblastine-binding site (14) . Benzimidazoles such as benomyl, carbendazim, and nocodazole, which are used as anthelmintics and fungicides (9, 12, 18, 25) , bind to the colchicine-binding site of tubulin.
The benA gene, referred to as the benomyl resistance gene, encodes the ␤-tubulin of the filamentous fungus Aspergillus nidulans. A number of benA mutant strains have been isolated so far (40) . A benA33 mutant, which undergoes mitotic arrest at temperatures as high as 37°C, has a glutamine-to-lysine mutation at the 134th amino acid in the ␤-tubulin gene (16) . The formation of hyperstable microtubules is considered to cause the mitotic arrest of the mutant under high-temperature conditions (6, 30) .
Oakley and Morris found that the heat sensitivity of the benA33 mutant was remedied by some antimicrotubule agents (30) . We further found that under mitotic-arrest-producing conditions, the growth recovery zones of the mutant formed around paper disks containing microtubule inhibitors, including ansamitocin P-3, four benzimidazoles, griseofulvin, and rhizoxin, in an agar plate assay. Other microtubule inhibitors and some cytoskeletal inhibitors tested did not show such effects. In addition, we newly found that this assay was able to distinguish three types of microtubule inhibitors. Therefore, we applied this characteristic of the mutant in screening for microtubule-disrupting antifungal agents. In our screening, we identified two mycotoxins, citrinin and patulin, two sesquiterpene dialdehydes, polygodial and warburganal, and four phenyl-alanine derivatives, arphamenine A, L-2,5-dihydrophenylalanine (DHPA), N-tosyl-L-phenylalanine chloromethylketone (TPCK), and N-carbobenzoxy-L-phenylalanine chloromethyl ketone (ZPCK). In this paper, we describe a new screening method for microtubule-disrupting antifungal agents that uses a mitoticarrest mutant of A. nidulans and demonstrate the convenience and high selectivity of this method. Moreover, we discuss the possibility of isolation for microtubule-disrupting agents of a novel type among the compounds screened by this method.
MATERIALS AND METHODS
Chemicals. All chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.) unless otherwise stated. Arphamenine A was a product of the Peptide Institute (Osaka, Japan). Alamar blue, carbendazim, griseofulvin, and TN-16 were purchased from Wako Pure Chemical (Osaka, Japan). Citrinin, DHPA, polygodial, and warburganal were prepared previously (10, 11, 19, 20, 36, 38) .
A. nidulans strains and culture. A wild-type A. nidulans strain (FGSC A4) and its benA33 mutant strain (FGSC A820) were obtained from the Fungal Genetics Stock Center (FGSC; Kansas City, Kans.). These strains were cultured in a complete medium (0.5% yeast extract, 1% glucose, and 0.1% trace elements). The trace element composition was obtained from the A. nidulans Linkage Map website (http://www.gla.ac.uk/Acad/IBLS/molgen/aspergillus/).
Assay of growth recovery of A. nidulans benA33 mutant from mitotic arrest. The growth recovery of the benA33 mutant from mitotic arrest was assayed by a paper disk method. Paper disks (diameter, 8 mm) with or without each drug were placed on a 1.5% agar plate containing the complete medium seeded with 1 ϫ 10 4 conidia of the mutant/ml. The plate was incubated at 37°C for 2 to 7 days. After incubation, the formation of growth recovery zones around the paper disks within and on the surface of the agar medium was observed.
In another assay, a 96-well plate method was used. Twenty microliters of the cell suspension containing 1 ϫ 10 6 conidia was added to 180 l of the complete medium in each well. After 1 l of the drug solution had been loaded into each well, the plate was incubated at 37°C for 24 h. After incubation, 20 l of Alamar blue dye solution was added, and then incubation was continued for another 4 h. Fluorescence was detected with a Millipore Cytofluor 2300 (excitation wavelength, 530 nm; emission wavelength, 590 nm). All assays were performed at least three times on separate occasions.
Antifungal susceptibility test. The MICs for fungal strains were determined by a slightly modified broth microdilution method outlined by the National Committee for Clinical Laboratory Standards (29). Aspergillus niger ATCC 6275 was obtained from the American Type Culture Collection (ATCC; Manassas, Va.). Aspergillus fumigatus IFO 5840, A. niger IFO 4416, A. niger IFO 9455, Candida albicans IFO 1061, and Yarrowia lipolytica IFO 1746 were obtained from the Institute for Fermentation Osaka (IFO; Osaka, Japan). C. albicans NBRC 1385, Fusarium oxysporum NBRC 5942, Fusarium solani NBRC 5899, and F. solani NBRC 8505 were purchased from the NITE Biological Resource Center (NBRC; Chiba, Japan). All fungal strains tested except A. nidulans FGSC A4 were cultured in 2.5% malt extract medium (Oriental Yeast, Tokyo, Japan). A. nidulans FGSC A4 was cultured in the complete medium described above. In the assay, the 96-well plate method was used. Twenty microliters of the cell suspension containing 1 ϫ 10 6 conidia or 1 ϫ 10 6 cells was added to 180 l of the medium in each well. After 1 l of the drug solution had been loaded into each well, the plate was incubated at 30°C for 48 h. The MIC was the lowest drug concentration to produce a prominent decrease in turbidity compared with control growth. All assays were performed at least three times on separate occasions.
Fluorescence microscopy. Fluorescence microscopy of nuclei and microtubules was performed by using a modification of a procedure described previously (31) . Samples were fixed in a solution containing 8% formaldehyde, 25 mM EGTA, 5 mM MgSO 4 , and 5% dimethyl sulfoxide in 50 mM PIPES (pH 6.7) at room temperature for 30 min. The samples were washed three times with 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.7) and then transferred to a digestion solution containing 10 mg of Driselase (ICN Biomedicals Inc., Costa Mesa, Calif.)/ml, 16 mg of ␤-D-glucanase (Interspex Products Inc., Foster City, Calif.)/ml, and 81.4 U of lyticase (ICN Biomedicals Inc.)/ml in 50 mM sodium citrate (pH 5.8) with 50% (vol/vol) egg white. All washing steps were carried out for 10 min. Prior to use, ␤-D-glucanase was pretreated to inactivate proteases by the following method. ␤-D-Glucanase (200 mg/ml) in 100 mM sodium citrate (pH 4.5) was incubated at 55°C for 5 min, kept on ice for 30 min, and stored at Ϫ80°C. The samples were incubated in the digestion solution at 25°C for 1 h. After incubation, they were washed three times with PE buffer (50 mM PIPES [pH 6.7] containing 25 mM EGTA) and incubated in Ϫ20°C methanol for 10 min. They were further washed three times with PE buffer prior to incubation for 8 h in PE buffer containing 0.5% (vol/vol) NP-40 and an antibody. The antibody was mouse monoclonal anti-␣-tubulin antibody DM-1A conjugated to fluorescein isothiocyanate (FITC) diluted at 1:200. After three washes with 50 mM PIPES (pH 6.7), the samples were postfixed with 2 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride in 50 mM PIPES (pH 6.7) for 20 min. They were then rinsed briefly with the same buffer, stained with 10 ng of Hoechst 33258/ml in 50 mM PIPES (pH 6.7) for 30 min, and rinsed with 50 mM PIPES (pH 6.7). Germlings were observed under a standard Olympus microscope. Photographs were obtained with Cool SNAP (Roper Scientific Inc., Tucson, Ariz.) and processed by Adobe Photoshop (Adobe Systems Inc., Mountain View, Calif.).
CMI. The chromosome mitosis index (CMI) was determined by using a modification of a procedure described previously (31) . Conidia of a wild-type A. nidulans strain were incubated at 30°C for 10 to 12 h. They were further incubated with or without each drug. Samples were withdrawn from the cultures at 30-min intervals. The withdrawals were continued over 2 h until the untreated cells had passed through at least one cell cycle (2) . After incubation, the cell suspension was fixed in a solution containing 8% formaldehyde, 25 mM EGTA, 5 mM MgSO 4 , and 5% dimethyl sulfoxide in 50 mM PIPES (pH 6.7) at room temperature for 30 min. The suspension was washed three times with 50 mM PIPES (pH 6.7). The cells were stained with 10 ng of Hoechst 33258/ml in 50 mM PIPES (pH 6.7) for 30 min and rinsed with 50 mM PIPES (pH 6.7). Germlings were observed under a standard Olympus microscope. The percentage of germlings harboring nuclei with condensed chromosomes was calculated. All assays were performed at least three times on separate occasions.
Protein preparation, SDS-PAGE, and Western blot analysis. Proteins were prepared by using a modification of a procedure described previously (27) . For the preparation of total mycelial proteins, the complete medium seeded with 1 ϫ 10 6 conidia of a wild-type A. nidulans strain/ml was incubated with or without each drug at 30°C for 24 h. The mycelia were harvested by filtration, washed with distilled water, and then frozen with liquid nitrogen. The frozen mycelia were lyophilized, ground to a fine powder by using a mortar and pestle, and then mixed with 4 volumes of protein isolation buffer (see below) and one-half volume of glass beads on ice. To facilitate protein extraction, the mixture was vortexed for 30 s and then allowed to stand for 1 min on ice. This step was repeated three times. Undisrupted mycelia and large mycelial fragments were removed by ultrafiltration with an Ultrafree-MC 0.45-m filter (Millipore, Bedford, Mass.). The Bradford method was used to determine protein concentrations (3) . The relative protein concentrations of different samples were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining. The protein isolation buffer used contained 300 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1% NP-40, 0.2% Triton X-100, 1 mM dithiothreitol, 0.1 mg of N-␣-p-tosyl-L-arginine methyl ester/ml, 0.3 mg of benzamidine/ml, 0.01 mg of N-␣-p-tosyl-L-lysine chloromethyl ketone/ml, 0.01 mg of soybean trypsin inhibitor/ml, 0.01 mg of N-␣-p-tosyl-L-phenylalanine chloromethyl ketone/ml, 0.01 mg of pepstatin/ml, 0.01 mg of leupeptin/ml, 0.01 mg of aprotinin/ml, 5 g of antipain/ml, 0.01 mg of chymostatin/ml, and 4 mM o-phenanthroline in 50 mM Tris-HCl (pH 7.4). For SDS-PAGE, the samples were added to an equal volume of 125 mM Tris-HCl (pH 6.8) containing 4% SDS, 10% sucrose, 10% 2-mercaptoethanol, and 0.004% bromophenol blue. The mixture was boiled at 95°C for 5 min and cooled quickly on ice.
SDS-PAGE and Western blot analysis were performed by using standard protocols. Each sample was electrophoresed on SDS-15% (wt/vol) PAGE gels. After electrophoresis, proteins were blotted onto polyvinylidene difluoride membranes (Millipore) by using a semidry transblot system (ATTO, Tokyo, Japan). The blots were blocked by incubation for at least 8 h at 4 to 8°C in phosphatebuffered saline (PBS) containing 5% nonfat dry milk and 0.05% Tween 20. Primary and secondary antibodies were diluted with the same buffer. The primary antibodies used were mouse monoclonal anti-␣-tubulin DM-1A diluted at 1:1,000, mouse monoclonal anti-␤-tubulin TU27B (provided by B. R. Oakley, Ohio State University, Columbus, Ohio) diluted at 1:200, and mouse monoclonal anti-actin C4 (ICN Biomedicals) diluted at 1:100. The blots were incubated with each primary antibody at room temperature for at least 4 h and then washed three times with PBS containing 0.05% Tween 20. All washing steps were carried out for 10 min. The secondary antibody used was goat anti-mouse immunoglobulin G conjugated to horseradish peroxidase (DAKO, Glostrup, Denmark) diluted at 1:1,500. The blots were incubated with the secondary antibody at room temperature for at least 2 h, washed three times with PBS containing 0.05% Tween 20, and then washed once with PBS. The blots were developed with the enhanced chemiluminescence system (Perkin-Elmer, Wellesley, Mass.).
RESULTS
Effects of various cytoskeletal inhibitors on growth recovery of A. nidulans benA33 mutant from mitotic arrest determined by agar plate assay. The A. nidulans benA33 mutant grows vegetatively at 25°C but undergoes mitotic arrest at 37°C because of the formation of hyperstable microtubules (6, 30) . We examined the effects of microtubules and some cytoskeletal inhibitors on the growth recovery of this mutant from mitotic arrest at 37°C by the agar plate assay, as shown in Table 1 and Fig. 1 . Microtubule inhibitors, including four benzimidazoles (benomyl, carbendazim, nocodazole, and thiabendazole), induced the recovery of the mutant from mitotic arrest and enhanced hyphal growth around the paper disks (Table 1) . Griseofulvin, ansamitocin P-3, and rhizoxin also had such a growth recovery effect. The other microtubule inhibitors, including Colcemid, colchicine, paclitaxel, podophyllotoxin, TN-16, vinblastine, and vincristine, and some cytoskeletal inhibitors, including cytochalasin B, monastrol, and nikkomycin Z, did not prevent mitotic arrest at all (Table 1) .
For the untreated benA33 mutants, small colonies scattered on the agar medium surface at 37°C (Fig. 1A, face) , but the formation of colonies was less extensive within the agar medium (Fig. 1A , reverse). Many colonies were observed around the disks containing benomyl (Fig. 1B, reverse) and carbendazim (data not shown) within the agar medium. However, the density of colonies around the disks on the surface of the agar medium was relatively low (Fig. 1B , face, and C, face). Nocodazole (Fig. 1C) , thiabendazole, and griseofulvin (data not shown) caused the mutant to form many colonies around the disks both on the surface of and within the agar medium. Rhizoxin ( Fig. 1D ) and ansamitocin P-3 (data not shown) produced growth-inhibitory zones around the disks, and colony formation was observed outside the growth-inhibitory zones.
Effects of microtubule inhibitors on growth recovery of A. nidulans benA33 mutant from mitotic arrest determined by multiwell-based Alamar blue assay. To quantify the potency of the growth recovery effect of microtubule inhibitors on the benA33 mutant, we used the multiwell-based Alamar blue assay ( Fig. 2A) . Benomyl induced growth recovery from mitotic arrest and enhanced hyphal growth at concentrations from 3 to 50 g/ml. Griseofulvin exhibited a similar effect at concentrations higher than 1 g/ml. On the other hand, nocodazole induced growth recovery in a narrower range of concentrations, from 3 to 10 g/ml, indicating that this microtubule inhibitor is more effective than benomyl and griseofulvin at low concentrations. a ϩ, a growth recovery zone was observed; -, a growth recovery zone was not observed; *, the density of the hyphae was relatively low; #, the growth-inhibitory zone was observed around a paper disk.
FIG. 1. Effects of microtubule inhibitors on mitotic arrest of A. nidulans benA33 mutant in a complete agar medium. Paper disks containing no drug (A), 50 g of benomyl (B), 100 g of nocodazole (C), and 50 g of rhizoxin (D) were placed on the complete agar medium seeded with the conidia of the A. nidulans benA33 mutant. The agar plates were incubated at 37°C for 2 to 3 days. Photographs were taken from the top (face) and bottom (reverse) of the agar plate.
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Screening for microtubule-disrupting agents by the agar plate assay. Microtubule-disrupting agents from microbial sources and chemical libraries were screened by the agar plate assay based on the mitotic arrest of the A. nidulans benA33 mutant. Among the culture broths of 400 actinomycetes and 200 compounds, 8 compounds were found to reverse the mitotic block and promote fungal growth. We identified two mycotoxins, citrinin and patulin, two sesquiterpene dialdehydes, polygodial and warburganal, and four phenylalanine derivatives, arphamenine A, DHPA, TPCK, and ZPCK. The chemical structures of these compounds are shown in Fig. 3 . Except for arphamenine A, the effects of the phenylalanine derivatives on growth recovery from mitotic arrest were similar to that of nocodazole ( Table 2 ). The effects of arphamenine A and patulin were similar to that of benomyl ( Table 2 ). The effects of citrinin, polygodial, and warburganal were similar to that of rhizoxin ( Table 2) .
Effects of phenylalanine derivatives on mitotic arrest of A. nidulans benA33 mutant determined by multiwell-based Alamar blue assay. The effects of arphamenine A, DHPA, ZPCK, and TPCK were also quantified by the multiwell-based Alamar blue assay (Fig. 2B ). Arphamenine A, DHPA, ZPCK, and TPCK showed the same growth recovery effects as those obtained by the agar plate assay. The growth recovery effects of arphamenine A, DHPA, and TPCK were similar to those of benomyl and griseofulvin. The expression pattern of the growth recovery effect of ZPCK was similar to that of nocodazole.
Antifungal susceptibility tests of phenylalanine derivatives against other fungal strains. An antifungal susceptibility test was conducted with four phenylalanine derivatives against various fungal strains after 48 h of incubation (Table 3) . DHPA, TPCK, and ZPCK showed antifungal activities against a wildtype strain, A. nidulans FGSC A4. Arphamenine A had little CMIs of a wild-type A. nidulans strain treated with DHPA and nocodazole. CMIs for a wild-type A. nidulans strain, FGSC A4, treated with DHPA and nocodazole were determined (Fig.  4) . Under the control conditions, the CMIs were kept at less than 5%. DHPA at 62.5 g/ml (he MIC) gradually elevated the CMI. The maximum index was 11% after 60 min of incubation. However, the CMIs under treatment conditions were significantly higher than those obtained under the control conditions. CMIs reached 20 and 30% at DHPA concentrations of 250 g/ml (4 times the MIC) and 1,000 g/ml (16 times the MIC), respectively. These results indicate that CMIs increased with the elevation of the concentration of DHPA. Nocodazole as a positive control elevated the CMI to 30% at 0.1 g/ml (the MIC) after 60 min of incubation. The CMIs for DHPA and nocodazole gradually increased within 60 min and thereafter gradually dropped.
Fluorescence microscopy of microtubules and nuclei in the germlings of a wild-type A. nidulans strain. The effects of DHPA on the microtubules and nuclei in the germlings of a wild-type A. nidulans strain, FGSC A4, were observed with fluorescence microscopy by using Hoechst 33258 and anti-␣-tubulin antibody DM-1A conjugated to FITC, respectively ( Fig. 5 and 6 ). Germlings and conidia were incubated for 60 min and 18 h, respectively. In the interphase germlings, nuclei with uncondensed chromatin and detectable nucleoli were observed ( Fig. 5B and 6B) . Generally, the nucleoli are not stained but are detectable as dark regions. The cytoplasmic microtubules formed filamentous and mesh networks in parallel to their growth axes in the germlings of the untreated control ( Fig. 5A and 6A ). An anaphase germling showed the nuclei (arrows) moving to the poles of spindles (Fig. 6E ) and normal mitotic microtubules (Fig. 6D) . In the DHPA-treated germlings, nuclei with condensed chromatin and a few detectable nucleoli were observed (Fig. 5E , H, and K and 6H). A network of cytoplasmic microtubules was observed ( Fig. 5D and 6G) , and normal mitotic microtubules were detected (Fig. 5G) . Some germlings did not have any detectable microtubules (Fig.  5J ). Nocodazole as a positive control showed an effect similar to that of DHPA against microtubules and nuclei. Nuclei with condensed chromatin and a few detectable nucleoli were observed (Fig. 5N , Q, T, and W). The network of cytoplasmic microtubules was observed (Fig. 5M) , and normal mitotic microtubules were detected (Fig. 5S) . Most of the germlings did not have any detectable microtubules (Fig. 5V) . Few germlings showed dotted microtubules (Fig. 5P) .
Western blot analysis of ␣-and ␤-tubulins and actin in the germlings of a wild-type A. nidulans strain. The effects of DHPA and nocodazole on ␣-and ␤-tubulins and actin in the germlings of a wild-type A. nidulans strain, FGSC A4, were demonstrated by Western blot analysis with specific antibodies (Fig. 7) . Samples were obtained after 24 h of incubation with or without each drug. Actin proteins were consistently found in all samples. In the untreated control, both ␣-and ␤-tubulins were detected (lane 1). However, in the DHPA-treated mycelia, ␣-and ␤-tubulins disappeared with an increase in drug concentration (lanes 2 to 4). In the nocodazole-treated mycelia, ␣-and ␤-tubulins were detected (lane 5).
DISCUSSION
A. nidulans benA33 mutants undergo mitotic arrest under high-temperature conditions because hyperstable microtubules are formed (6, 30) . The heat sensitivity of the mutant is remedied by some antimicrotubule agents (30) . We applied this 
FIG. 4. CMIs of the germlings in a wild-type
A. nidulans strain treated with DHPA and nocodazole. Conidia of a wild-type A. nidulans strain were incubated at 30°C for 10 to 12 h. They were further incubated with or without each drug. As a control, the sample was treated with the solvent in which DHPA was dissolved (open circles). Concentrations of DHPA were 62.5 g/ml (the MIC; open squares), 250 g/ml (4 times the MIC; gray squares), and 1,000 g/ml (16 times the MIC; closed squares). Concentrations of nocodazole were 0.1 g/ml (the MIC; triangles). The percentages of germlings in which nuclei had condensed chromosomes are presented. Results are expressed as means Ϯ standard deviations for three independent observations.
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on February 20, 2013 by PENN STATE UNIV http://aac.asm.org/ characteristic in screening for microtubule-disrupting agents. First, the agar plate assay was used to evaluate microtubule inhibitors and other target-associated drugs (Table 1 and Fig.  1 ). Oakley and Morris inoculated the benA33 mutant onto agar plates containing some antimicrotubule agents (30) . Conversely, we put paper disks containing the agents onto the agar plates inoculated with the conidia of the benA33 mutant. The benzimidazoles benomyl, carbendazim, nocodazole, and thiabendazole are well-known microtubule inhibitors (18) . They prevented the mitotic arrest of the mutant and enhanced hyphal growth, as previously reported (30) . Although both benomyl and carbendazim enhanced hyphal growth at relatively low densities on the surface and at high densities within the agar medium, nocodazole and griseofulvin enhanced it at high densities both on the surface and within the agar medium. The reason for the difference between growth recovery on the surface and that within the agar media is still unclear. This difference could result partly from the different affinities to the 
regions (B). A normal network of cytoplasmic microtubules is present (A).
Interphase germling after 60 min of treatment with 62.5 g of DHPA/ml had a network of microtubules (indicated by arrows) (D), normal mitotic microtubules (G), and no visible microtubules (J). Nuclei with condensed chromatin and no detectable nucleoli were observed (H and K). Some germlings had nuclei with detectable nucleoli (indicated by an arrow) (E). Germlings after 60 min of treatment with 0.1 g of nocodazole/ml had a network of microtubules (indicated by an arrow) (M), a few dotted microtubules (P), normal mitotic microtubules (S), and no visible microtubules (V). Nuclei with condensed chromatin and no detectable nucleoli were observed (Q, T, and W). Some germlings had nuclei with detectable nucleoli (indicated by an arrow) (N). The magnification is the same for all micrographs. Bar, 15 m. (5) . In fact, nocodazole induced the recovery of the mutant from mitotic arrest at lower concentrations than the two drugs used in the Alamar blue assay (Fig. 2) . Ansamitocin P-3 and rhizoxin also had growth recovery effects, but their effects were different from those of benzimidazoles and griseofulvin. Ansamitocin P-3 and rhizoxin induced growth recovery zones outside the growthinhibitory zones around paper disks. These drugs have the same binding site for tubulin (14) . Their binding site is distinct from those of benzimidazoles and griseofulvin (14) . This difference could explain the unique effect. Paclitaxel did not prevent mitotic arrest. Paclitaxel alone can tightly bind to the microtubules of A. nidulans and promote the formation of highly stable microtubules, thereby preventing cell division in mitosis (33, 44) . Treatment with paclitaxel was able to cause the formation of extremely stable microtubules in accordance with the characteristics of the benA33 mutant. Colchicine, vinblastine, podophyllotoxin, and TN-16 had no effect on the mitotic arrest of the mutant either, because the microtubules of A. nidulans are insensitive to these drugs (34) . Some cytoskeletal inhibitors, such as cytochalasin B, monastrol, and nikkomycin Z, which inhibit actin, kinesin, and cell wall synthesis, respectively, also did not prevent mitotic arrest. Other inhibitors, including actinomycin D, amphotericin B, cycloheximide, and miconazole, also had no effect (data not shown). Moreover, this agar plate assay was able to distinguish the following three types of microtubule inhibitors. Benzimidazoles such as benomyl and carbendazim, which have low affinity to tubulin, induced growth zones in the hyphae at relatively low densities. Nocodazole and griseofulvin, which have high affinities to tubulin, induced growth zones in the hyphae at high densities. Ansamitocin P-3 and rhizoxin, which have the same binding site for tubulin, which is different from those of benzimidazoles and griseofulvin, induced growth zones around the growth-inhibitory zones.
Alamar blue dye, a noncytotoxic reagent that yields a fluorescent product after reduction, is used as an indicator of the redox state of cells (19) . Since it is often difficult to obtain reproducibility in the turbidity measurement of filamentous fungi, this dye is also used to evaluate the cell proliferation and antifungal susceptibility of filamentous fungi (4, 19, 22) . Therefore, we used this dye to quantify the concentration required for the growth recovery of the benA33 mutant from mitotic arrest. It was observed that there is are optimum concentrations of benomyl and nocodazole for the growth recovery of the mutant from mitotic arrest. Benomyl (Fig. 2) and carbendazim (data not shown) induced growth recovery at high concentrations. On the other hand, nocodazole induced growth recovery at lower concentrations than the other microtubule inhibitors tested. Such a growth recovery effect at low concentrations would result only from a high affinity of nocodazole to microtubules in A. nidulans (5) . Conversely, the growth inhibition at high concentrations of nocodazole prob- FIG. 6 . Effects on microtubules and nuclei of a wild-type A. nidulans strain treated with or without DHPA for 18 h observed with phase-contrast microscopy (C, F, and I) and fluorescence microscopy (A, B, D, E, G, and H). The conidia of a wild-type A. nidulans strain, FGSC A4, were treated with (G to I) or without (A to F) 62.5 g of DHPA (the MIC). After 18 h of incubation, nuclei and microtubules were observed with fluorescence microscopy by using Hoechst 33258 (B, E, and H) and anti-␣-tubulin antibody DM-1A conjugated to FITC (A, D, and G), respectively. An interphase germling shows nuclei with uncondensed chromatin (B). The nucleoli (indicated by arrows) are not stained but are detectable as dark regions (B). A normal network of cytoplasmic microtubules is present (A). Anaphase germlings show nuclei (indicated by arrows) moving to the poles of spindles (E) and normal mitotic microtubules (D). Conidia after 18 h of treatment with DHPA at 62.5 g/ml show visible networks of microtubules (indicated by arrows) (G). Nuclei (indicated by arrows) with uncondensed chromatin and detectable nucleoli were observed (H). The magnification was the same for all micrographs. Bar, 15 m.
FIG. 7.
Effects of DHPA and nocodazole on cytoskeletal proteins of a wild-type A. nidulans strain as determined by Western blot analysis. Samples were obtained after 24 h of incubation with DHPA (lanes 2 to 4), with nocodazole (lane 5), or without any drug (lane 1). Concentrations of DHPA were 62.5 g/ml (the MIC; lane 2), 250 g/ml (4 times the MIC; lane 3), and 1,000 g/ml (16 times the MIC; lane 4) . The concentration of nocodazole was 0.1 g/ml (the MIC; lane 5). The samples were analyzed by SDS-PAGE followed by Western blot analysis with specific antibodies against ␣-tubulin, ␤-tubulin, and actin (DM-1A, TU27B, and C4, respectively).
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on February 20, 2013 by PENN STATE UNIV http://aac.asm.org/ ably resulted from the mitotic arrest induced by extensive microtubule depolymerization. Rhizoxin showed an effect similar to that of nocodazole (data not shown). When the agar plate assay was used, we clearly distinguished the effects of nocodazole and rhizoxin. Griseofulvin and benomyl induced growth recovery at relatively high concentrations. We therefore confirmed that the multiwell-based Alamar blue assay, as well as the agar plate assay, is able to screen for microtubule inhibitors. Although this assay cannot distinguish the types of microtubule inhibitors, it is useful in determining the effective concentrations of the drugs. This method is also suitable for the high-throughput screening of microtubule inhibitors. We screened for antifungal microtubule-disrupting agents among the culture broths of 400 actinomycetes and 200 compounds by using the agar plate assay. Two mycotoxins, citrinin and patulin, two sesquiterpene dialdehydes, polygodial and warburganal, and four phenylalanine derivatives, arphamenine A, DHPA, TPCK, and ZPCK, were identified (Table 2 and Fig. 3 ). Citrinin and patulin have been reported to show antifungal activities (1, 10, 11, 43) . Practically, citrinin and patulin had antifungal activities, and their MICs for a wild-type strain of A. nidulans were 50 and 100 g/ml, respectively. These mycotoxins inhibit microtubule assembly in vitro (35) . Patulin interacts with the thiol groups of microtubules (35) . Polygodial and warburganal also have been reported to show antifungal activities (20, 21, 23) , and practically, their MICs for the wildtype strain were 6.25 and 3.13 g/ml, respectively. The two sesquiterpene dialdehydes and citrinin react with thiol groups (23, 38) . Therefore, polygodial, warburganal, and citrinin could also bind to the thiol groups of microtubules to inhibit microtubule assembly. However, their effects on the benA33 mutant were different from those of patulin on agar plates (Table 2) . Polygodial, warburganal, and citrinin, as well as ansamitocin P-3 and rhizoxin, induced growth recovery zones around inhibitory zones. Thus, these three drugs could inhibit microtubules in a manner similar to that of ansamitocin P-3 and rhizoxin. On the other hand, the effect of patulin was similar to those of benomyl and carbendazim. Patulin could prevent microtubule polymerization by interacting with the benomyl (or carbendazim)-binding site. As stated above, citrinin and patulin are mycotoxins and are toxic to animals and plants (1) . Polygodial and warburganal might have effects similar to those of the mycotoxins. Thus, we did not further investigate the mycotoxins and the sesquiterpene dialdehydes.
In this report, we focused on phenylalanine derivatives. These derivatives showed growth recovery effects on the benA33 mutant that were similar to those of well-known microtubule inhibitors. Among the fungi tested, arphamenine A showed antifungal activities against only the dimorphic fungi Y. lipolytica IFO 1746 and A. nidulans FGSC A4 (Table 3 ). The antifungal spectrum of TPCK was similar to that of ZPCK (Table 3 ). The antifungal activities of both TPCK and ZPCK disappeared after 72-h incubation. In addition, their effects were not fungicidal (data not shown). Among the four phenylalanine derivatives screened, three compounds, arphamenine A, TPCK, and ZPCK, are well-known protease inhibitors. Arphamenine A has previously been reported to be an aminopeptidase B inhibitor in microbial culture broth (39) . TPCK and ZPCK are specific inhibitors of chymotrypsin-type serine proteases (15, 37) . On the other hand, DHPA, a phenylalanine analogue, is known as an antimicrobial agent with a broad spectrum (7) . In fact, DHPA showed antifungal activities against several strains of fungi (Table 3 ). The mechanism of the antifungal action has not been explained. The MICs of DHPA for the strains, including those of A. nidulans, were unchanged even after 96 h of incubation. Likewise, another phenylalanine analogue, p-fluoro-phenylalanine (FPA), induces the growth recovery of the benA33 mutant (30) . Almost all of the benA mutants are resistant to FPA (28) . Morris and Oakley supposed that FPA should inhibit growth and cause nondisjunction by a direct effect on the polymerization of tubulin (28) . However, the effects and action mechanisms of FPA and DHPA on microtubules have not yet been elucidated. Thus, we examined the effect of DHPA on microtubules in detail.
The microtubule is also the major component of the mitotic apparatus and is involved in the separation of chromatids during mitosis (13) . Therefore, the mitotic apparatus fails to assemble and then to function when treatment with microtubule inhibitors is applied. Consequently, cells are caused to arrest in mitosis and the CMI values increase compared with those for untreated cells (31) . DHPA at the MIC (62.5 g/ml) slightly elevated the CMI value (Fig. 4) , which was still significantly higher than that of the control. In addition, the increase in the CMI values depends on the dose of DHPA. DHPA at a concentration of 16 times the MIC was needed for the elevation of the CMI to 30%, which could be obtained by treatment with nocodazole at the MIC. These results indicate that DHPA's antifungal effect on a wild-type strain and its growth recovery effect on the benA33 mutant could not be explained only by the assembly and disassembly of the mitotic apparatus.
To clarify the above-mentioned differences, we examined the effect of DHPA on the microtubules of a wild-type A. nidulans strain by using fluorescence microscopy ( Fig. 5 and 6 ). Since it takes approximately 2 h for a wild-type strain of A. nidulans to pass through at least one cell cycle, almost all of the microtubule inhibitors start affecting microtubules and nuclei within 2 h after treatment with the agents (31) . Therefore, we observed the germlings after 60 min, at which time the CMIs of DHPA and nocodazole reached their maxima (Fig. 4) . In the germlings of the control, normal nuclei and microtubules were virtually present ( Fig. 5A and B) . The DHPA-treated germlings, however, contained nuclei with condensed chromatin and a few detectable nucleoli (Fig. 5E, H, and K) . Most of the germlings did not have any detectable microtubules (Fig. 5J) . They had a few microtubules, which were classified into two types: the network of cytoplasmic microtubules (Fig. 5D ) and normal mitotic microtubules (Fig. 5G) . In the nocodazoletreated germlings, microtubules and nuclei were very similar to those of DHPA-treated germlings (Fig. 5M, N , S, T, V, and W). However, few germlings had dotted microtubules (Fig.  5P) . At a subgrowth inhibitory concentration of nococazole, the average numbers of cytoplasmic microtubules in wild-type and tub4 mutant strains of Saccharomyces cerevisiae are reduced (42) . This fact is consistent with our results concerning the decrease in cytoplasmic microtubules. It also seems to be consistent with previously reported results obtained with benomyl (17, 31) . Jung et al. demonstrated that the effect of benomyl against microtubules depends on the drug concentration (17) . A relatively high concentration of benomyl (2.4 g/ml) causes rapid and complete elimination of the cytoplasmic and mitotic microtubules in A. nidulans (31) . On the other hand, low concentrations of benomyl partially translocate the equilibrium away from microtubule polymer (17) , thereby inducing a decrease in cytoplasmic microtubules. Moreover, nanomolar concentrations of nocodazole reduce microtubule turnover rates in animal cells and in vitro, while catastrophe and rescue frequencies may increase or decrease depending on the cell type or the experimental system (26, 41) . Thus, in our experiments, nocodazole caused a decrease in cytoplasmic microtubules. Since DHPA showed an effect similar to that of nocodazole, it might affect microtubule turnover.
Decreases in the amounts of microtubules were also confirmed by Western blot analysis (Fig. 7) . All samples were collected after 24 h of incubation because there was no difference between the conditions of microtubules and nuclei after 60 min of incubation with DHPA (Fig. 5 ) and those after 24 h of incubation (Fig. 6) with DHPA under fluorescence microscopic observation. In the DHPA-treated germlings, both ␣-and ␤-tubulins disappeared with an increase in drug concentration, indicating a blockade of tubulin biosynthesis including inhibition of transcription, reduction of tubulin mRNA stability, inhibition of translation, or enhanced proteolysis of ␣-and ␤-tubulins. DHPA indirectly inhibits protein biosynthesis by the nonspecific incorporation of DHPA into proteins in Escherichia coli and sarcoma 180 (36) . However, DHPA restored the growth arrest of the benA33 mutant, suggesting that its action must be tubulin-specific. Thus, the inhibition of tubulin synthesis may be the most likely mechanism. On the other hand, conventional protein synthesis inhibitors, including cycloheximide, did not show the same effect as DHPA (data not shown). Another cytoskeletal protein, actin, was consistently detectable even at high DHPA concentrations (Fig. 7) . Therefore, the effect of DHPA on microtubules may be dependent on the proteolysis of tubulins. We also tested the effects of two other phenylalanine derivatives, TPCK and ZPCK. Both of these derivatives also had effects very similar to those of DHPA when analyzed by fluorescence microscopy and Western blot analysis with anti-␣-tubulin antibody DM-1A (data not shown). As mentioned above, TPCK and ZPCK are the specific inhibitors of chymotrypsin-type proteases (15, 37) . The effect of TPCK on fungi has been reported (8) . Several mitotic mutants of Schizosaccharomyces pombe are sensitive to this inhibitor. One of the mutants, tsm1-512, has a mutation in the presumptive component of the anaphase-promoting complex (APC) (8) . The APC is required for the ubiquitin-dependent proteolysis of certain proteins during exit from mitosis. The tsm1-512 gene is also important for microtubule integrity (8) . The growth recovery effects of the phenylalanine derivatives could depend on certain proteases, such as chymotrypsin-type proteases, or on the presumptive component of the APC. In fact, we are currently acquiring some preliminary data about the relationship between recovery from the mitotic arrest caused by phenylalanine derivatives and ubiquitin-dependent proteolysis (data not shown). In contrast to DHPA, nocodazole did not show the remarkable loss of tubulins in the Western blot analysis. This result might explain why DHPA made the CMI increase to a lesser extent than nocodazole did. While microtubule inhibitors such as nocodazole cause very rapid disassembly of microtubules, DHPA presumably affects microtubule turnover via the inhibition of tubulin synthesis or ubiquitin-dependent proteolysis related to the presumptive component of the APC, thereby causing a gradual loss of tubulins. We are currently investigating the mechanism in detail.
Our screening method involving a mitotic-arrest mutant of A. nidulans was convenient and selective for the screening of microtubule-disrupting antifungal agents. The agar plate assay was suitable both for rough screening and for discriminating types of microtubule inhibitors. The multiwell-based assay was suitable for high-throughput screening. The phenylalanine derivatives screened, DHPA, TPCK, and ZPCK, are of a novel type of microtubule-disrupting antifungal agents with high potency. DHPA induced the selective loss of both ␣-and ␤-tubulins in the germlings of a wild-type A. nidulans strain. The effects of phenylalanine derivatives, including DHPA, on microtubules presumably depends on the disruption of microtubule turnover via the inhibition of tubulin synthesis or proteolysis related to the presumptive component of the APC. We hope that this study will be useful in elucidating the regulatory mechanisms of microtubule polymerization and depolymerization and, consequently, in developing antifungal agents.
